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Despite much attention, fully resolved mechanisms of calmodulin folding/binding have not been elucidated. Here, by constructing a computational model that can integrate folding, binding, and allosteric motions, we studied in-depth folding of isolated calmodulin domains coupled with binding of two calcium ions and associated allosteric conformational changes. First, mechanically pulled simulations revealed coexistence of three distinct conformational states: the unfolded, the closed, and the open states, which is in accord with and augments structural understanding of recent single-molecule experiments. Second, near the denaturation temperature, we found the same three conformational states as well as three distinct binding states: zero, one, and two calcium ion bound states, leading to as many as nine states. Third, in terms of the nine-state representation, we found multiroute folding/binding pathways and shifts in their probabilities with the calcium concentration. At a lower calcium concentration, "combined spontaneous folding and induced fit" occurs, whereas at a higher concentration, "binding-induced folding" dominates. Even without calcium binding, we observed that the folding pathway of calmodulin domains can be modulated by the presence of metastable states. Finally, full-length calmodulin also exhibited an intriguing coupling between two domains when applying tension.
metal | coarse grained | molecular dynamics | multiscale simulations | force P rotein folding and conformational dynamics have often been characterized by the energy landscape of proteins (1) (2) (3) (4) (5) . The energy landscape is dependent on the molecular physiochemistry and thus is modulated by many factors, such as chemical modification and ligand binding. Ligand binding, in turn, is dependent on the conformation of proteins. Thus, folding, binding, and allosteric conformational dynamics are mutually correlated. Despite their obvious correlation in concept, it has been very challenging to characterize how they are indeed coupled for any single proteins. Here, we address, in depth, how these three types of dynamics, folding, binding, and allosteric conformational dynamics, are coupled from the energy landscape perspective for a specific protein, calmodulin (CaM).
CaM is a ubiquitous calcium-binding messenger protein involved in signal transduction (6) and, more importantly here, has been a model protein to investigate folding, binding, and allostery. Full-length CaM has two nearly symmetric globular domains connected by a flexible central helix (7, 8) . Each domain is composed of paired EF hands containing two Ca 2+ -binding sites (Fig. 1A) . Upon binding to Ca 2+ , each CaM domain undergoes substantial conformational change from a closed state to an open state, exposing a hydrophobic patch that can bind with target proteins and regulate downstream processes (9) . CaM has been frequently used as a model in studying the folding of multidomain proteins (10, 11) , allosteric transitions (12) (13) (14) , slow conformational dynamics around physiological temperatures (15) (16) (17) (18) , metal ion binding (19, 20) , and correlation between inherent flexibility and protein functions (21, 22) . For example, using structure-based coarse-grained (CG) simulations, Chen and Hummer elucidated the coexistence of an unfolded state, a closed state, and an open state around physiological temperatures for the C-terminal domain of CaM (CaM-C) without Ca 2+ binding (15) , which reconciles some seemingly contradictory experimental observations on the slow conformational dynamics of CaM.
More recently, Rief and coworkers studied the Ca 2+ -dependent folding of CaM based on a new generation technique of single-molecule force spectroscopy, which can probe the reversible folding/unfolding transitions with near equilibrium conditions (10, 23, 24 concentrations. Interestingly, as the Ca 2+ concentration increases, the CaM domain folding mechanism switches from "combined spontaneous folding and induced fit" to "binding-induced folding," which accords with the scenario deduced from singlemolecule force spectroscopy experiments. Finally, the effects of tension on the conformational fluctuations of the full-length CaM are discussed.
Results and Discussion
Computational Modeling of Folding, Binding, and Allostery. To study interplay among folding, binding, and allosteric motions of proteins in depth, we integrated the corresponding three computational models developed earlier. For folding, we used the atomic interaction-based coarse-grained (AICG) model (25, 26) that captures both sequence and native-structure information within a simple framework of perfect-funnel approximation (27) . For allosteric conformational motions, we used a multibasin model that concisely realizes conformational transitions among multiple given structures (28 These three computational models can be naturally combined into one model although, to our knowledge, this has not been realized before. Unless otherwise mentioned, we used this integrated CG model throughout this work. (Fig. 2C ). Previous computational work also showed that the three conformational states of CaM-C can coexist around physiological temperatures (15) . The unambiguous identification of the conformational transitions among the three states by MD simulations makes it possible to investigate the interplay among folding, binding, and allosteric motions. (Fig. 3 A and B ] (Fig. 3 C and D) , which quantitatively show a shift in probabilities for the three states. Moreover, for the CaM-C, increasing Ca 2+ concentrations shifts the location of the transition state, implying that the Ca 2+ binding can be coupled with the folding processes. A more detailed coupling mechanism is discussed in subsequent sections.
In Fig. 3 A-D, there is no clear population of a partially folded state in which only one of the two EF hands is folded, suggesting high folding cooperativity between the two EF hands, a feature for most small proteins (32) . The folding cooperativity can also be observed from the free energy landscapes projected on the reaction coordinates monitoring the folding extent of the component EF hands (Fig. S2) , which shows that stability of one EF hand strongly depends on the folding of the other EF hand. Such results accord with previous experimental observations that EFhand motifs tend to appear in pairs (19) .
Interplay Among Folding, Binding, and Allostery. Next, we try to characterize the detailed coupling mechanisms among folding, Ca 2+ -binding, and allosteric motions. Fig. 3 E and F (Fig. 3E) . As the Ca 2+ concentration increases, the probability of Ca 2+ binding to the unfolded state increases. Particularly, the state in which two Ca 2+ ions bind to the CaM domain at the unfolded state also becomes probable. Similar results can be observed for the N-terminal domain of CaM (CaM-N) (Fig. S4) (Fig. 4C) (33) , which was shown to be common for the structurally symmetric proteins and multidomain proteins (25, (33) (34) (35) .
At the lowest Ca 2+ concentration, [Ca 2+ ] = 3.3 μM (Fig. 4A) , the blue pathway is dominant. Along this pathway, CaM-C first folds to the closed state, which is followed by the first Ca binding. This part can be viewed as conformational selection. Thus, one pathway can be viewed as sequential occurrence of conformational selection, induced fit, and conformational selection. The whole folding process may be roughly classified as the combined spontaneous folding and induced-fit mechanism (Fig. S3B) .
By increasing the Ca 2+ concentration, we see changes in the dominant pathways (Fig. 4 B and C) . At [Ca 2+ ] = 33.0 μM (Fig.  4B) , the dominant pathway is the green one, in which Ca 2+ binds to the unfolded state first, which is followed by folding to the open state. After folding, the second Ca 2+ binds to CaM-C. At an even higher concentration (Fig. 4C and Fig. S3B) , we see that two Ca 2+ ions can bind to the unfolded state along the red pathway. Put simply, at a high Ca 2+ concentration, the bindinginduced folding mechanism dominates.
In Fig. 4D , we plot probabilities of the above-mentioned two overall folding/binding mechanisms. Clearly, as the Ca 2+ concentration increases, mechanisms switch from combined spontaneous folding and induced fit to binding-induced folding. Undoubtedly, due to the reshaping of the two-basin energy landscape by Ca 2+ binding, the competition of different folding pathways can be modulated by Ca 2+ binding. Other folding mechanisms can also be possible. For example, the CaM domain may first fold spontaneously to the open (or closed) state and then bind Ca 2+ ions directly (or bind Ca 2+ ions after converting to the open state), which can be termed as the "conformational selection" mechanism. We also note that similar results were observed for the CaM-N (Fig. S5) . We propose that such cofactor-dependent coupling between the folding and allosteric motions can be a general mechanism for the folding of allosteric proteins. (Fig. 5 A and B) concentration for inducing the conformational changes of the whole protein (19) . We note that even without Ca 2+ binding, the open state can be accessed with a small probability (Fig. 5B,  Left) , which is the restraint from experimental data in the model parameterization (SI Text).
To characterize the mechanism of allosteric motions in depth, we replotted the same trajectory on the 2D conformational space (Fig. 5B, Right) . One can see that at the current calcium concentration, the first Ca 2+ preferentially binds to the closed state, inducing the conformational transition to the open state, which corresponds to the "induced-fit" mechanism. On the contrary, the second Ca 2+ dominantly binds to the open state, possibly due to the tight coupling between the two EF hands, suggesting the "conformational selection" mechanism. To get a more quantitative understanding, we conducted 200 independent MD simulations at each calcium concentration, starting from the closed state without calcium binding (Fig. 5C) Probability of the folding mechanisms, combined spontaneous folding and induced fit (mechanism 1, blue) and binding-induced folding (mechanism 2, red), at four Ca 2+ concentrations. Note that the probability not only includes the pathway with blue (red) color shown, but also includes all other pathways satisfying mechanism 1 (mechanism 2). ], the conformational selection mechanism becomes less and less probable. Particularly, at very high [Ca 2+ ], i.e., 3.3 mM, the induced-fit mechanism dominates. All these results demonstrate that the mechanism of allosteric motions can be modulated by the calcium concentrations. We note that modulation of the allostery mechanism by ligand concentration has also been demonstrated by flux analysis of NMR data for other two allosteric proteins (36) .
Interplay Between Folding and Allostery with No Calcium. Next, focusing on the interplay between folding and allosteric motions, we performed folding simulations at 300 K with no calcium. Without calcium binding, the closed state is the most stable state. Then, we investigated folding pathways from the unfolded state to the closed state; the results are summarized in Fig. 6 . We see that even without Ca 2+ binding, the pathway via the transient open state has significant populations. Interestingly, for the isolated CaM-N, a "U" → "O" → "C" pathway even becomes dominant. Because the metastable open state represents a trap along the folding pathway to the most stable closed state, these results may indicate that allostery introduces frustrations to folding processes. The above observation is consistent with a recent suggestion by Wolynes and coworkers that the allostery requirement may introduce frustrations to the energy landscape (37) . Such frustrations can inevitably be reflected by the folding pathways.
The above results show that the isolated CaM-N demonstrates more significant frustrations than the isolated CaM-C. Such asymmetry is not surprising because the two domains have some differences in both sequence and structure. Equilibrium MD simulations with single-basin energy functions constructed based on the experimental structures at closed and open states, respectively, showed that the open structure is kinetically more easily accessible (lower folding barrier) than the closed structure for the CaM-N (Fig. S6) . Consequently, the populations of folding pathways in the CaM-N are more resistant to the change of relative stability between the two states. In comparison, the folding barriers to two end structures are comparable for the CaM-C. Such differences can lead to the observed difference in folding behaviors of the two domains. We conducted the same type of folding simulations at 300 K as well, finding that both domains fold directly to the closed state without passing through the metastable open state.
Full-Length Calmodulin Under Constant Mechanical Extension. Finally, we also conducted simulations for the full-length CaM with a wide range of mechanical extensions. Our results show that, as the separation increases, the population of the open (closed) state increases (deceases) for both domains (Fig. S7) , which suggests that the tension between terminal residues can modulate the relative populations of the functional states. A possible reason for the tension-induced population shift is that the terminal residues of the open state have larger separation than that of the closed state. Consequently, tension shifts the populations to the open state. We also observed that once the CaM-C becomes unfolded, the CaM-N shifts its population to the closed state to some extent due to the release of tension between the terminal residues by CaM-C unfolding. This demonstrates the tension-induced coupling between the two domains. The effect of tension on the populations of the conformational states, and therefore the Ca 2+ -binding affinity, can also be observed for the isolated domains (Fig. S7) . In addition, our results show that the intrinsic folding mechanism of the CaM domain can be modulated by applying tensions (Fig. S7) .
Comparison with Recent Single-Molecule Experiments. The results presented in previous subsections are highly compatible with available experimental data. For example, the multiple-state fluctuations observed in MD simulations can be supported by recent single-molecule force spectroscopy experiments. In ref.
23, the authors identified two folded conformations with significantly different lifetimes at low Ca 2+ concentration for the isolated CaM-C, although the force trajectories show typical twostate folding/unfolding transitions. The conformation with a long lifetime was assigned as the holo state, and that with a short lifetime was assigned as the apo state, suggesting the coexistence of the unfolded, apo and holo conformations. Our simulation results also support the experimental assignment (Fig. S8) .
In addition, the Ca -dependent coupling between folding and allosteric motions.
Although it is a big challenge, it will be very interesting to experimentally examine the coupling mechanisms among folding, cofactor binding, and allostery revealed in this work. Especially, with the currently available single-molecule force spectroscopy technique, it is possible to measure the force-modulated folding/ allostery mechanisms and the tension-induced interdomain coupling observed in the MD simulations.
Conclusion
In summary, we have developed a computational model that can integrate folding, cofactor binding, and allosteric motions. Using this model, we revealed the tight coupling among the above three processes for the CaM domains. Particularly, our results showed that the allosteric feature of the energy landscape tends to introduce new folding pathways, therefore adding complexity to folding processes. Moreover, the folding/allostery can be further modulated by Ca 2+ binding. As the Ca 2+ concentration increases, the folding mechanism switches from combined spontaneous folding and induced fit to binding-induced folding. Finally, the intrinsic folding/allosteric mechanism can be modulated by applying mechanical force, which leads to interdomain coupling of the full-length CaM.
Materials and Methods
Integrated Modeling of Folding, Binding, and Allosteric Motions. To study the folding of allosteric proteins, a model that can simultaneously describe the folding, ligand binding, and allosteric motions is necessary. In our previous work, within the framework of perfect-funnel approximation (27, 38) , we developed an atomic interaction-based coarse-grained model with flexible local potential (AICG2) by using a multiscale strategy (25, 26, 39) . The AICG2 model can reasonably describe the physiochemical features and chain flexibility of proteins and was proved to be successful in modeling the folding of topologically complex proteins (25) . After that work, we noticed that folding simulations with the AICG2 model could lead to mirror-imaged misfolds for some proteins with a small probability. To solve this issue, in this work, we improved the AICG2 model (termed as AICG2+) and used local dihedral angles rather than the distance in the local potential to better discriminate the mirror images (SI Text). Then, we constructed a double-basin Hamiltonian by interpolating the two AICG2+ energy functions built from the closed and open structures of isolated CaM domains, respectively, using the framework developed in ref. 28 . Similar models with a double-basin Hamiltonian have also been developed and successfully used in studying the allosteric motions of a number of proteins (12, 15, (40) (41) (42) (43) . The Ca 2+ ions were considered implicitly (29, 41) , and the effects of Ca 2+ binding were modeled by strengthening the contacting interactions formed by the liganding residues of Ca 2+ ions at the open state. Although the precise description of energetic consequences of the coordination events of ligand binding needs more sophisticated quantum mechanics methods and an atomically detailed structural model, the available experimentally measured binding affinities and populations of conformational states provide a reasonable parameterization of the energies (Fig. S9) (7, 16, 23, (44) (45) (46) . With such an integrated model, we can concisely describe the folding, ligand binding, and allosteric motions in an integrated way. More details on the model are given in SI Text.
Reaction Coordinates. The reaction coordinates Q open and Q closed , which were defined as the fractions of native contacts of the CaM domains with the open and closed states used as the native structures, respectively, were used to describe the folding of the CaM domain. In describing the binding of Ca 2+ ions, the binding energy of the two binding sites was used as the reaction coordinates. More details are given in SI Text.
Simulation Details. We used CafeMol 2.0 (47) for the CG molecular simulations. The all-atom MD simulations were conducted by AMBER11 (48) . The protein structures were visualized by PyMOL (49) . Details are in SI Text.
